The genome of the pufferfish, Fugu rubripes (Fugu) is compact. With a similar gene complement to mammals and a genome size of just 400 Mb, gene density is high averaging one every 6-7 kb. Initial characterization of this genome has shown that although genes are much smaller and more densely spaced, their intron/exon structure is conserved with the resulting introns being small. There is little repetitive DNA in the genome and this greatly facilitates comparative genomic studies. The coding content of genes is highly conserved as are critical regulatory elements of some genes. Other DNA is not, however, and this allows the identification of homologous coding sequence between Fugu and mammalian genes. Although the genome of Fugu is 7.5 times smaller than the human genome, not all genes are reduced proportionately. Some regions of the genome show conserved synteny with mammalian genomes, although at the present time only short physical distances have been examined. The structure of the genome is also being studied. Initial data suggest that this may be different to that found in mammals. It is not clear that the same kind of isochore structure is present in this early vertebrate genome. Patterns of methylation may be different resulting in a different distribution of CpG islands. An attempt is being made to centralize both resources and data from the genome of Fugu so that everything may be integrated into a single, publicly accessible database which in turn, may be integrated with databases from other organisms.
INTRODUCTION
It is difficult to imagine the Human Genome Project without the contribution made by model organisms. For some time, organisms such as C.elegans (1, 2) and yeast (3) have led the way in the field of sequencing technologies and strategies. The genomes of a number of single cell organisms, in particular the eukaryote Saccharomyces cerevisiae (4) , have demonstrated both the feasibility of complete genome sequencing and the utility of taking a multi-organism approach.
But there is more to be gained from sequencing 'model' organisms than the development of technologies. It is striking that even between the simplest eukaryotes and humans, there are many genes that look very similar allowing comparison and functional assaying of gene products. Some human genes have been identified because they can complement yeast genes in functional analyses (5) . DNA of genomes is constantly changing, guided by advantageous selection, and so it is essential to understand fully those mechanisms by which it functions and evolves. The most effective way to do this is by looking at the genomes of many different organisms which will enable us to understand not only the similarities but, critically, the differences between them.
In considering the gene content of genomes, the vertebrates present a remarkably uniform class. It appears that the major genome expansion events occurred either pre-vertebrates or very early in the vertebrate radiation as it is clear that some teleosts have a similar gene content to mammals whereas non-vertebrate chordates have a lower gene content. For instance, the cephalochordate Amphioxus has just one Hox gene cluster (6) whereas mammals have four (7) . Teleost fish have at least three and most probably four Hox clusters as well (8, 9) . Studies from other gene families also suggest that vertebrates all share a similar repertoire of genes (10, 11) .
The most efficient way to look at genes is to study a vertebrate with a small genome. This was the reasoning behind the choice of the Japanese pufferfish (Fugu) as a model organism. The search for genes in mammalian genomes is hampered by the fact that more than 95% of their DNA is non-coding. This has resulted in the development of a number of methods for more easily accessing and sequencing the coding regions [such as cDNA strategies (12, 13) and exon trapping (14) ]. All these methods, however, have their limitations and are generally used together in a systematic approach to gene identification. A further limitation to many of these approaches is that only the coding sequence of a gene is identified and additional regulatory elements may go undetected.
There are many advantages in using Fugu for gene analysis. With a compact genome, genes are densely packed. This means that they may be completely sequenced at a fraction of the cost of mammalian genome sequence. As will be described later, many features of genes are highly conserved across the 4-500 million years between early vertebrates and mammals including coding sequence, structure and to a lesser extent regulatory elements and gene order. Because of the large evolutionary distance between the two groups, however, inessential sequences such as many repeats and intronic sequence do not appear to be conserved at all. It may therefore be assumed that if a sequence is conserved between Fugu and mammals, it will have an essential function. Finally, there are many thousands of genes yet to be identified, characterized and ascribed function. Many of these will bear no homology to known genes. This may make them very difficult to identify in stretches of otherwise anonymous genomic DNA. They may have expression patterns that would not allow their identification from cDNA libraries and they may not have splice sites that conform sufficiently to be exon trapped or predicted by computer analysis. It is only by comparison that some of these genes will be identified.
Fugu is therefore proposed as a model organism with a reference genome; an archive of densely packed sequence information that will provide, together with data from other model organisms, a translation for the sequence of mammals. Not until the human genome is fully sequenced will the real power of comparative genomics be realized.
This review aims to describe how the Fugu genome has been characterized, its general properties and how these properties may help in comparative genomics in a number of different areas. It will also describe how to access Fugu resources which are available to the research community.
CHARACTERIZATION OF THE FUGU GENOME
The choice of Fugu as a model was based on simple criteria. The ideal genome should be compact, with a similar gene repertoire to mammals. In addition those genes must retain sufficient homology to be identified both biologically (through degenerate PCR or by cross-hybridization) and by computer analysis (principally database homology).
In 1968 Ralph Hinegardner assayed the DNA content of cells from a variety of different teleost fish (15) . He found a wide range of haploid genome sizes ( Fig. 1) with the smallest genomes belonging to the Tetraodontoid family, which includes the pufferfish and globefish. The figure of 0.4-0.5 pg for these fish compares with about 3 pg in humans and therefore equates to 400 Mb.
Further work by Pizon et al. (16) using C o t analysis and density centrifugation confirmed the small genome size of Tetraodontoids, with a figure equating to 430 Mb for Arothron diadematus, with a repetitive fraction of about 13% of total DNA.
Fugu is a delicacy in Japan. The dead fish contains a potent neurotoxin and this accounts for a number of deaths each year from badly prepared fish. The Ocellate or tiger puffer, Fugu rubripes (also known as TakiFugu rubripes), is one of the largest pufferfish and as such has become the most commercially farmed species. Thus there is a good supply of this species and it is therefore a good candidate for study.
In 1993 Brenner et al. presented an analysis of the genome of Fugu rubripes (Fugu) (17) . A detailed sequence analysis confirmed the previous estimates of genome size for this family of teleosts. About 600 sequences, generated randomly from the genome, were analysed and the amount of coding sequence with high database homology to mammalian genes estimated. This represented 0.8% of the total sequence. By calculating the amount of mammalian coding sequence in the database (3×10 6 bp at that time), it was calculated that the same analysis of the human genome would yield 0.1% coding sequence (3×10 6 /3×10 9 ). Assuming the same amount of coding sequence in each genome, the genome size of Fugu was calculated at 400 Mb, in close agreement with the earlier estimates. By single copy probing of a genomic library of known insert size, a figure of 400 Mb was also reached. It was therefore confirmed that Fugu has a genome 7.5 times smaller than humans but with the same amount of coding sequence.
It was also possible to estimate the frequency as well as the nature of repetitive DNA in the genome. Database searches revealed no homology to interspersed or minisatellite repeats but microsatellite DNA is abundant. The frequency of (CA) n repeats is quite high; one every 4 kb which is 7.5 times more frequent than in humans, interestingly the same factor by which the genomes differ in size. Microsatellites comprise about 2% of the genome and clustered minisatellites about 5%. A further 1-2% of the genome is made up of ribosomal RNA genes and a few very low frequency of interspersed repeats giving a repetitive fraction of less than 10%. This paucity of repetitive DNA has a significant practical aspect in that both cross-species and Fugu-specific hybridizations are extremely straightforward and sequencing projects are easy to assemble.
GENE CHARACTERIZATION
Brenner et al. also found that intron sizes were small and that intron positions were conserved with those known in mammals. A number of complete genes have now been characterized to examine both their size and structure (10, 11, (18) (19) (20) (21) (22) . Table 1 summarizes data from some of these genes.
Surprisingly, in the very few cases where intron/exon structure diverges, it is in Fugu that extra introns are seen, and so paradoxically, the smaller genome may have more introns. The extra Fugu introns generally split 'abnormally' large exons. In the human PKD1 gene on chromosome 16, there is a 3.5 kb exon. In the Fugu homologue of this gene, this exon is split by a number introns, suggesting that these introns have been lost in humans (see Table 1 ). Although the average size of 80% of introns in Fugu is less than 150 bp (23) , all genes sequenced to date in Fugu have at least one large intron (i.e. greater than 400 bp) and it may be that there is some essential sequence within these larger introns that plays a part in splicing. However, there is no clear homology between introns from equivalent human and Fugu genes or between different Fugu genes. Splice junctions conform very closely to the consensus sequences for other vertebrates (24) . Codon usage is biased, like many vertebrates, towards G or C in the third position, with 70% of codons ending in guanine or cytosine (unpublished data). This is particularly useful in the design of degenerate PCR primers for the amplification of fragments of Fugu genes.
The coding sequence homology between Fugu and mammalian genes varies greatly, not only between different genes but also within a single gene. For instance the amino acid homology across exon 6 in the Fugu p55 gene is greater than 90% whereas in the first and second exon there is very little similarity at all (20) 
There is little evidence of pseudogenes in Fugu. Venkatesh et al. (11) used degenerate PCR in order to amplify DNA fragments of the actin family. This approach, which would also amplify pseudogene fragments, of which there are a large number in humans, showed no evidence of any actin pseudogenes in the Fugu genome.
IDENTIFICATION AND TESTING OF PUTATIVE REGULATORY ELEMENTS FROM FUGU
Comparative analysis has allowed accurate pin-pointing of putative regulatory regions in both the Hox gene clusters (25, 26) and the Wnt genes (Klaus Gellner, pers. comm.). While the mouse still retains many sequences in common with humans, some of which may not be essential, it can be assumed that only key sequences will be retained between Fugu and humans. In addition, the more compact nature of the Fugu genome should result in regulatory elements being located in smaller regions thereby facilitating their discovery. A number of conserved regulatory elements have been isolated and tested from the Hoxb cluster in Fugu. Marshall et al. (25) found that two enhancer elements are conserved between mouse, Fugu and chicken, three prime to Hoxb-1. One of these enhancers contains a retinoic acid response element, essential for establishing early expression patterns in the neuroectoderm and identified by comparing mouse and Fugu sequence data.
In a more extensive study, Aparicio et al. (26) looked at conservation of regulatory elements between mouse and Fugu in the Hoxb-4 gene. A number of conserved regions were identified. In one case, a small region of homology (54 of 90 bp) allowed critical elements to be identified within a large mouse enhancer region in the intron between the two coding exons. When this region was specifically deleted in the mouse, the pattern of expression in mesoderm and ectoderm were lost. A Fugu construct was also made using 5 kb of sequence three prime of the Hoxb-4 gene, containing two more conserved regions and this was tested in transgenic mice using a lacz reporter construct. The anterior boundary of Hoxb-4 expression at rhombomere6/7 was precisely maintained using the Fugu sequence demonstrating that conserved regulatory elements from Fugu may be assayed transgenically and therefore aid in defining gene regulatory motifs.
Because of their small size, Fugu genes are easily manipulated. The Huntington's disease gene homologue in Fugu is just 23 kb (19) and lies entirely on one cosmid clone. This provides the possibility of analysing genes or sets of genes by transfecting Fugu cosmids into other animals. The results so far are encouraging. Transgenic rats have been made bearing a Fugu cosmid. This cosmid contains genes for isotocin (fish homologue of oxytocin) and vasotocin (fish homologue of vasopressin) in addition to five other genes. Emphasis has initially been on expression of isotocin and vasotocin genes. Northern blots show that isotocin is expressed in the hypothalamus, similar to the endogenous gene. In situ hybridization with brain sections will verify if the Fugu and rat genes are expressed in the same cell type (B.Venkatesh, pers. comm.). ∼90 ( 
EXTENT OF CONSERVED SYNTENY
Of great interest to many molecular biologists, in particular gene hunters, is whether regions of conserved gene order exist between Fugu and mammals and how large these regions may be. As Fugu is mapped physically rather than genetically, and presently from a cosmid library, the distances that have so far been examined are small (a few cosmids at most). However, with a gene density averaging one every 7 kb (equates approximately 60 000 genes in 400 Mb) a great deal of information is accessible from one cosmid clone. Trower et al., characterized an area of conserved synteny between human chromosome14q24.3 and a single Fugu cosmid (27) . The selected Fugu clone contained eight genes, four of which are known to map within 14q24.3. Human cosmids were isolated for three of these genes and mapped more accurately using FiberFISH. They covered a region of 600 kb in humans, also indicating that gene order was conserved. In the Fugu genome, these genes span just 12.4 kb. The genes all have an identical structure to their human homologues and are highly homologous, allowing rapid and straightforward identification.
In fact the majority of the genes were identified very early on in the shotgun phase, after examination of only a small number of sequence reads. The other genes on the Fugu cosmid have not yet been mapped in humans. Although less striking, there are now a number of other examples of conserved synteny between Fugu and humans (23) and one of the main aims currently is to look at the extent of these regions by sampling many different regions of the genome (see Landmark Mapping below).
GENOME CHARACTERISTICS AND STATISTICS
As well as the gene content, genomes are complex environments that regulate and co-ordinate gene expression. In addition, genomic DNA interacts with proteins in order to maintain the architecture of chromosomes and support their replication. In order to study this complex system it is vital to study the general characteristics of the genome as a whole.
Miyaki et al. (28) have karyotyped the genomes of six pufferfish, and shown that the diploid number is 44 chromosomes, comprised in Fugu rubripes, of five pairs of metacentrics, six pairs of submetacentrics and 11 pairs of subtelocentric or acrocentric chromosomes.
The chromosomes are tiny, and with the exception of one pair of submetacentrics, which are somewhat larger, they are all roughly the same size. This may make specific chromosome identification and flow sorting difficult.
It is known that zebrafish chromosomes do not band particularly well, although it is not clear why (29) . One reason may be that at least some fish genomes do not contain the same isochore structure as mammalian genomes, which directly affects the way in which chromosomes band (30) . By contrast with the human genome, which has A+T rich ('gene poor') and G+C rich ('gene rich') regions, the DNA content of the Fugu genome appears to be remarkably consistent. This has been tested by examining the overall G+C content of many cosmids selected randomly (see Landmark Mapping below). G+C% values from these cosmids appear to form a normal distribution, with a mean value of 44%, in accordance with the overall G+C value of the sequences from Brenner et al. (17) (44.2%). Furthermore, there does not appear to be room in the genome for 'gene poor' regions.
Methylation patterns may also differ between the Fugu genome and those of mammals. The genome is highly methylated. This can be shown by comparing HpaII and MspI digests of genomic DNA, inferring that methylation occurs at the same CpG dinucleotide as in mammals (unpublished data). Although HpaII digestion is limited due to methylation, there is no HpaII tiny fraction. This has been noted previously for other fish (31, 32) . Further, construction of genomic libraries from Fugu is almost impossible unless restriction minus strains of host cells are used. However, the CpG dinucleotide frequency is not suppressed as much in Fugu as it is in mammals [observed/expected frequency = 0.6 (unpublished data) compared with 0.22 for humans] (33). This predicts that the CpG dinucleotide is not as heavily methylated in Fugu.
The distribution of CpG is also different in Fugu. Whereas in mammals 'CpG islands' are confined almost exclusively to the 5′ ends of many genes where it is thought they are not methylated, CpG islands are distributed throughout the genome in Fugu and in fact many housekeeping genes, such as the actins (11), HD gene (19) , G6PD (18) and p55 (20) do not contain CpG islands at their 5′ ends at all, but in what appear to be random positions.
These general properties may reflect a different kind of genome organization in fish or it may simply be that it is in the A+T rich regions of mammalian genomes where expansion has occurred and that Fugu represents an 'H3 isochore genome' of densely packed genes. This may be analogous to chicken micro chromosomes, which also appear gene dense (34) and, interestingly, are also cytologically indistinguishable from each other (35) .
The only conserved repetitive elements found in the Fugu genome are (CA) n repeats and telomeric DNA, both of which are ubiquitous among eukaryotes. Nothing is known, however, of centromeres in Fugu. There are a number of clustered minisatellite arrays in the Fugu genome but most of them occur at very low frequencies. One minisatellite sequence, however, comprises greater than 2% of randomly generated Fugu DNA sequence (accession number: X74417). The basic unit is 118 bp in length and is highly clustered, occurring in large arrays (17) . It is conceivable that this represents one of the constituents of Fugu centromeres. It might be of considerable interest to investigate Fugu centromeres further, as it might be expected that they are of minimal size and represent the basic functional centromeric unit.
FUGU LANDMARK MAPPING PROJECT
Many laboratories are now using Fugu as a comparative part of larger research projects. This has been made possible largely because of the availability and centralization of Fugu resources at the UK HGMP resource centre. Because of the common origin of all resources, the data generated may be archived through a central database.
The Fugu Landmark Mapping Project is an attempt to co-ordinate and administer resources and to generate physical data on a global basis. To this end, cosmid clones are being 'sample sequenced' whereby a small number of randomly generated one pass sequences are analysed per cosmid. This low redundancy approach, both rapid and economical, provides about 50% coverage of each cosmid. Clones are then batch searched by cosmid against public DNA and amino acid databases and against each other with relevant database 'hits' recorded.
All data from this project, including sequences and searches and other additional information is available on the world-wide web (http://fugu.hgmp.mrc.ac.uk/) in raw form. Other data are also collected (such as G+C content of each cosmid), which will be used in a series of whole genome analyses. Analysis will include an assessment of physical linkage within each cosmid compared with data from other organisms such as zebrafish, chicken and mammals. Ultimately, this will provide not only data for a number of individual regions but will allow a statistical estimate of the number of breakpoints in the Fugu genome compared with mammals. Plans are underway to integrate the physical map of Fugu with the genetic map of the zebrafish
FUTURE DIRECTIONS
In the near future it is hoped that in situ hybridization with Fugu chromosomes will be available so that physical mapping of clones may be carried out on a different scale. Other resources are also planned, in particular a BAC library and possibly a radiation hybrid mapping panel. Many of the cosmids in the Landmark Mapping Project are being built up into contigs so that longer range physical mapping by sequence scanning will be undertaken. As an extension to this, some regions may be completely sequenced, where full genomic sequence is available from the human genome so that a systematic base by base comparison of sequences may be made, so pin-pointing any conserved regions not identified by other methods.
The Fugu genome is small and gene dense. It contains the basic vertebrate DNA blueprint and should be a reference genome for many different forms of comparative genomics: from positional cloning projects to the identification of regulatory motifs, from gene characterization to genome structure. For a modest outlay, the evolution of complex genomes may be better understood.
